Picosecond coherent anti-Stokes Raman scattering is used for measurement of nitrogen vibrational distribution function in the plenum of a highly nonequilibrium Mach 5 wind-tunnel incorporating a high-pressure pulsersustainer discharge. First-level vibrational temperatures of the order of 2000 K are achieved in the 300 torr non-selfsustained plasma discharge generated by a high E=n (300 Td) nanosecond-pulsed discharge, which provides ionization in combination with an orthogonal low E=n (10 Td) dc sustainer discharge, which efficiently loads the nitrogen vibrational mode. It is also shown that operation with the nanosecond-pulsed plasma alone results in significant vibrational energy loading, with T v N 2 of the order of 1100 K. Downstream injection of CO 2 , NO, and H 2 results in vibrational relaxation, demonstrating the ability to further tailor the vibrational energy content of the flow. N 2 -NO vibration-vibration and N 2 -H 2 vibration-translation rates inferred from these data agree well with previous literature results to within the uncertainty in rotational-translational temperature.
I. Introduction
T HE ability to tailor nonequilibrium hypersonic flows by control of the loading of internal degrees of freedom (vibrational and electronic states), as well as by control of dissociation and ionization fraction, is a topic of much current interest. For example, turbulent transition delay in a Mach 5 flow over a 5 0 cone by means of injection of carbon dioxide into nitrogen or airflow has been recently demonstrated [1] . Kinetic modeling calculations [2] suggest that transition delay is caused by absorption of acoustic perturbations in the boundary layer by vibrational energy modes of CO 2 , which may also result in CO 2 dissociation. Another example is relaxation of energy stored in internal degrees of freedom of molecules behind a bow shock, which may significantly increase shock standoff distance. The presence of vibrationally and electronically excited species in a hypersonic flow may strongly affect the emission signature from the shock layer. Finally, short-pulse electric discharges efficiently loading electronic energy levels of nitrogen and oxygen in air are currently being explored as means of hypersonic flow control by producing repetitive localized pressure perturbations in the flow [3] .
Since the cost of obtaining full-scale hypersonic flight-test data or operating large-scale ground test facilities is extremely high, alternative methods of data production are necessary. This provides a significant incentive for the development and use of small-scale test facilities that are capable of recreating environments seen in the flow conditions of interest, and which lend themselves to development of optical diagnostics of nonequilibrium hypersonic flows. Our approach to generating a nonequilibrium hypersonic flow is to use a high-pressure low-temperature diffuse electric discharge sustained in the plenum of a small-scale Mach 5 wind tunnel to load internal energy modes of nitrogen and oxygen molecules [4, 5] . A similar approach has been used previously to develop electrically excited gas dynamic lasers [6, 7] .
Based on the results of our previous work, target nonequilibrium airflow parameters downstream of the discharge are as follows: runtime at steady-state conditions 5-10 s, plenum pressure P 0 0:3-1:0 atm, translational/rotational temperature T 0 300-400 K, and vibrational temperature T v0 2000 K. Internal energy mode disequilibrium in the flow excited in the discharge can be controlled by injecting rapid relaxer species (nitric oxide, hydrogen, or carbon dioxide) into the subsonic nonequilibrium flow between the discharge section and the nozzle throat. Quantitative analysis of these flows requires characterization of energy partitioning among the internal modes (vibrational and electronic). Kinetic modeling analysis of strongly vibrationally and electronically nonequilibrium N 2 -CO-NO flows in supersonic nozzles has been presented in previous work [8, 9] . However, the predictive capability of nonequilibrium flow codes used for kinetic modeling is controlled primarily by the accuracy of rate models for the vibrational energy transfer they are incorporating. Although state-specific nonempirical vibrational energy transfer models among air species are available [10, 11] , and have been incorporated into flow codes [12, 13] , experimental data for validation of code predictions are scarce.
In this paper, we provide new experimental data characterizing vibrational energy loading of molecular nitrogen in a hypersonic nonequilibrium flow vibrationally excited by a non-self-sustained electric discharge in the plenum of a Mach 5 wind tunnel. Volume ionization, at plenum pressures in the range of P 0 200-370 torr, is accomplished using a high peak reduced electric field (E=n 300 Td), 5 ns duration pulse discharge operating at a pulse repetition rate of 100 kHz. An orthogonal dc sustainer discharge (E=n 10-30 Td), which accounts for approximately 80% of the total power loading into the flow, efficiently excites the N 2 vibrational energy mode with as much as 80-90% of its input power going into vibrational excitation by electron impact. Temporally and spatially resolved vibrational level populations of nitrogen, N 2 X 1 g ; v 0-3, as well as first-level vibrational temperature in the pulsersustainer discharge, up to T v N 2 2000 K, are measured using picosecond coherent anti-Stokes Raman scattering (CARS) spectroscopy [14] , which is described in detail. It is also shown that injection of gases such as CO 2 , NO, and H 2 downstream of the discharge section, upstream of the CARS measurements location, results in partial vibrational relaxation of nitrogen excited in the discharge. This demonstrates quantitatively the ability to control and tailor the vibrational energy content of the flow before its expansion through the Mach 5 nozzle of the wind tunnel. On the other hand, adding oxygen to the vibrationally excited nitrogen flow did not result in a detectable vibrational temperature change, due to slow vibration-vibration (V-V) energy transfer from N 2 to O 2 and slow vibration-translation (V-T) relaxation at near room temperature.
II. Experimental A. Mach 5 Wind Tunnel
The experiments conducted for this study were performed in the plenum of a Mach 5 nonequilibrium flow tunnel, previously developed and described in detail [4, 5] . Briefly, the laboratory-scale wind tunnel, a schematic of which is given in Fig. 1 , operates at plenum pressures from 0.25 to 1 atm with nitrogen or air supplied from high-pressure cylinders. The tunnel is constructed from transparent acrylic plastic and is capable of producing steady-state nonequilibrium supersonic flow using a high-pressure diffuse, nanosecond pulser/dc sustainer electric discharge operating in the plenum section. The discharge can be tailored, as will be discussed, to load internal (vibrational and electronic) modes of nitrogen while maintaining low translational-rotational temperatures of T 300-400 K. About 8 cm downstream of the discharge section, the gas flows through a choked flow injector with 20 injection ports, 1 mm in diameter, in both the top and bottom channel walls, also shown in the figure. Gases inducing vibrational relaxation of nitrogen, such as oxygen, hydrogen, nitric oxide, CO 2 , etc., can be injected into the flow, which allows further control of the energy distribution within the internal molecular modes in the flow. The measurement location is 9 cm downstream from the gas injection. The supersonic nozzle throat is downstream of the measurement location, and it is therefore unimportant for the work conducted here. The outlet of the flow tunnel leads to a 110 ft 3 vacuum tank and 200 ft 3 = min pump. The generation of nonresonant background (NRB) from the windows, which limits the sensitivity of the CARS diagnostic, was reduced by using optical extension arms, as shown in Fig. 1 . It would be possible to remove the NRB contributed from the windows completely via utilization of an alternate alignment scheme; however, this was not done for the sake of experimental simplicity in this case.
The pulser-sustainer electric discharge, a schematic of which is given in Fig. 2 , comprises two fully overlapping discharges: 1) repetitively pulsed high-voltage nanosecond discharge and 2) transverse dc sustainer discharge. As shown in Fig. 2 , the pulser electrodes (4 3 cm copper plates) are flush-mounted in the top and bottom walls of the discharge section (nozzle plenum), separated by 0.5 cm, and are each covered by alumina ceramic dielectric plates 1 16 in: thick. The bare sustainer electrodes (4 0:5 cm copper plates) are placed along the side walls of the discharge section and are removable. In the present experiments, the sustainer electrodes are separated by 3.0 cm. Both the pulser and sustainer electrodes are rounded along the edges to reduce electric field nonuniformity. The acrylic plastic walls of the channel downstream of the discharge section are covered with alumina ceramic plates attached with silicone rubber adhesive, which protects the walls from overheating in the possibility of instability development or arcing in the discharge. The main benefit from using the pulser-sustainer discharge is the ability to generate stable nonequilibrium plasmas at high pressures and high discharge energy loading.
The repetitive nanosecond-pulsed discharge operates using a high peak voltage (up to 30 kV), short-pulse duration (5 ns), high pulse repetition rate (up to 100 kHz) voltage waveform produced by a highvoltage nanosecond pulse generator (FID GmbH). Figure 3 shows typical pulse voltage and current traces (top), as well as instantaneous power and coupled pulse energy traces (bottom), measured in a repetitively pulsed discharge in nitrogen at P 0 350 torr and 100 kHz [5] , without dc electrodes present in the test section. The waveforms shown are for a pulse generated 0.1 s after the beginning of the pulse burst (i.e., for pulse number 10,000). The pulser is operated using an external trigger/function generator. Each highvoltage pulse generates volume ionization in the discharge section, and the high voltage is then turned off before ionization/heating instability [15] has time to develop. The high frequency of pulse repetition prevents the plasma from fully decaying before the next ionizing pulse occurs, thus providing pulse-periodic spatially uniform ionization in the discharge section [16, 17] .
Between the ionizing pulses, energy is coupled to the flow by the dc discharge. The dc electrodes are connected to a Glassman 5 kV, 2 A power supply operated in a voltage-stabilized mode in series with a 1:5 k ballast resistor. The dc voltage is deliberately kept below breakdown threshold, typically below 4-5 kV, to preclude development of self-sustained (i.e., independent of pulsed ionization) dc discharge in a high-pressure flow, which would result in instability development and arcing. The power coupled to the flow by the dc discharge is significantly higher than the repetitively pulsed discharge power. Previously, this approach has been used in our work to sustain high-power discharges in a Mach 3-4 magnetohydrodynamics wind tunnel [16, 17] and in an electrically excited gas dynamic oxygen-iodine laser [7] . In the present experiments, the repetitively pulsed discharge is operated for up to several seconds and the dc discharge for 0.5-1.0 s. The dc power supply is triggered by an externally generated rectangular shaped trigger pulse. The rising edge of the rectangular pulse also triggers the function generator, which produces a burst of trigger pulses for the high-voltage nanosecond pulse generator, at preset pulse repetition rate and number of pulses in the burst. The estimated reduced electric fields in the two discharges are significantly different: E=N peak 300 Td in the nanosecond-pulsed discharge, and E=N 10 Td in the dc discharge (1 Td 10 17 V cm 2 ). At these conditions, a significant fraction of input power in the pulsed discharge is spent on electronic excitation, dissociation, and ionization of nitrogen, while nearly all input power in the dc discharge (up to 80-90% [15] ) is stored in the vibrational energy mode of nitrogen, with little power going to translational/rotational modes, i.e., to heat. Because of a very long N 2 vibrational relaxation time at near room temperature, 1 atm s [18] , this approach can create essentially vibrationally frozen nitrogen and airflows in the supersonic test section, with vibrational temperature greatly exceeding the translational/rotational mode temperature.
During the experiment, both the main flow through the discharge and the injection flows are controlled using solenoid valves. The main flow rate is calculated using a choked flow equation based on the plenum pressure and the nozzle throat area. The injection flow rate has been both measured directly using a mass flow controller and calculated from the choked flow equation, with both methods giving similar results. At the baseline conditions, nitrogen at P 0 0:5-1:0 atm, the mass flow rate through the tunnel is 7:5-15 g=s and the steady-state runtime at constant static pressure in the supersonic test section is 5-10 s; runs can be repeated every few minutes.
B. Picosecond Coherent Anti-Stokes Raman Scattering Diagnostic System
For direct measurement of vibrational energy loading provided by the pulser-sustainer discharge, the CARS spectroscopic technique has been employed. CARS is a four-wave mixing technique that has been used extensively for thermometry of combustion and other gas phase reacting and nonreacting flows [14, 19] . Two of the primary benefits of CARS are the coherence of the generated signal and the ability to take localized measurements with high spatial resolution, resolved in either two or three dimensions depending on the phasematching scheme employed. For this work, collinear, rovibrational, picosecond CARS has been used. The collinear geometry offers relative ease of alignment over other arrangements while introducing only minor complication for the data interpretation for this experiment, and the rovibration is chosen since the main objective of the present work is measurement of vibrational distribution functions (VDFs) of nitrogen. The choice to use a picosecond system is motivated by several reasons. The use of picosecond CARS allows the possibility of complete suppression of the NRB; enables timeresolved measurements at nanosecond and subnanosecond timescales; lowers necessary pulse energies, reducing the risk of window damage; and allows measurements in harsh environments via fiber coupling [14, 20, 21] . Figure 4 shows a schematic diagram of the CARS instrument and its interface to the test section. An Ekspla SL-333 Nd:YAG laser serves as the pump/probe source. The oscillator of the relatively compact laser, which operates at 10 Hz, outputs pulses of approximately 2 ns that are then pulse compressed via stimulated Brillouin scattering to approximately 150 ps. After two double pass amplification stages and a second harmonic crystal, the laser outputs pulses of approximately 150 ps, with variable energy up to 120 mJ=pulse (at 532 nm). In addition to serving as the pump/probe beams for the CARS mixing, the Nd:YAG laser output also pumps the dye laser. Through the use of a broadband laser source for the Stokes beam, multiple nitrogen vibrational levels can be interrogated simultaneously; with sufficient laser intensity, a single laser shot can produce an entire spectrum from which the VDF can be obtained. The broadband dye laser, patterned after that of Roy et al. [22] , uses side-pumped oscillator and preamplifier cells, followed by an end-pumped final amplifier cell. With no output coupler, there is no development of mode structure in the dye laser beam, terming this "modeless", and the lack of a grating provides broadband operation. A half-wave plate and thin film polarizer allow for adjustment of the ratio between dye pump energy versus CARS pump/probe beam energies. Dye laser energy efficiency is typically near 7%. For this work, a mixture of rhodamine 640 (R640) and kiton red 620 (KR620) was used to achieve the desired spectral output. The oscillator/ preamplifier cell were filled with a mixture of 34 mg R640 and 18 mg KR620 in 750 mL of methanol, while the amplifier cell solution was 20 mg R640 and 18 mg KR620 in 750 mL methanol. Figure 5 shows the broadband dye laser output, which is seen to span the first several vibrational transitions of nitrogen.
In addition to the wavelength and phase-matching requirements, generation of maximum CARS signal requires the beams to arrive at the interrogation region coincidentally in time [23] . An optical delay path in the pump/probe beams is required to match optical path lengths, accounting for the time lag of the dye laser. A dichroic mirror reflecting the 532 nm pump/probe and transmitting the 607 nm Stokes allows for the collinear beam combination, with the combined beams then focused into the test section with a 250 mm focal length lens. After the focal point, located in the middle of the test section, the beams are recollimated using another 250 mm focal length lens. Beyond this, a series of long-wavelength passing dichroic mirrors reflect the 473 nm anti-Stokes signal and dump the pump/probe and Stokes light. Finally, the CARS signal passes through a bandpass filter, centered at 476 nm with a full width at half maximum of 10 nm and a 100 mm lens focusing onto the spectrometer slit. The 0.75 m spectrometer is an Andor Shamrock 750, with a 600-lines-permillimeter grating. The charge-coupled device camera is an Andor Newton. The spectrometer and camera are interfaced to a laboratory computer for data recording. The entire picosecond CARS system is placed on a custom-built cart, designed and constructed from t-slot aluminum, allowing the entire setup to be easily transported between experimental facilities.
III. Results and Discussion
In the present work, the nanosecond pulser was operated, as described in Sec. I, at 100 kHz for approximately 0.6 s. During the experiments with the dc sustainer electrodes present in the test section, they were powered for approximately 0.5 s. While both discharges are initiated by the same triggering pulse, the nanosecond pulser responds essentially instantaneously while the dc sustainer voltage has 100-200 ms rampup time, due to capacitor charging in the dc power supply. The pulser remains on for approximately 100 ms after the dc voltage is switched off to reduce residual voltage between the dc electrodes. Figure 6 displays the dc discharge current profile in time, with the 10 Hz laser shots superimposed. As can be seen, each run allows for four to five laser shots during the discharge. For the data presented here, the Stokes laser beam was set to 1:2 mJ=pulse while the pump/probe beam had 5:5 mJ=pulse. While laser breakdown and stimulated Raman pumping can both become significant as laser intensity increases, care was taken to watch for these effects, and neither of them were encountered for the laser pulse energies used in this work. Figure 7 shows a typical single laser shot CARS spectrum, taken with the nanosecond pulser operating alone (i.e., without dc sustainer voltage) in a nitrogen flow through the wind tunnel at stagnation pressure of P 0 300 torr. As the figure clearly indicates, the v 00 0 and v 00 1 peaks are both visible, indicating some vibrational excitation in this regime. Figure 8 shows a typical single-shot spectrum for the pulser-sustainer discharge in operation, with the dc sustainer power supply voltage V PS set to 4.5 kV. As can be seen, the vibrational excitation for this case is much more significant than for the pulser alone, with vibrational levels v 00 0; 1; 2; 3 distinguishable and higher levels possibly populated. Figures 9 and 10 show the same data, plotted with a logarithmic scale on the vertical axis, which allows much more clear visualization of the NRB and gives a better illustration of the signal-to-noise ratio for this arrangement. Note that these spectra were each captured several hundred milliseconds after the beginning of the nanosecond pulser operation in the steady-state region.
Once the evaluation of the spectral peak intensity for all detected vibrational peaks has been done, the first step in the data reduction process is the removal of the NRB baseline, performed by interpolating spectra minimum values within successive troughs and subtracting the interpolation envelope. Since the NRB signal occurs at the same wavelengths and can constructively and destructively interfere with the resonant nitrogen signal, this method may introduce some uncertainty; however, due to the significant difference in magnitude between the resonant and nonresonant signals, this effect should be relatively small. The second step, adjusting the CARS spectra to account for the dye laser spectral profile, must be performed since the CARS signal intensity is proportional to the Stokes laser intensity. The third step accounts for the variation in the CARS interaction cross section. Ignoring anharmonic effects, which are very small for N 2 [24] , the cross section scales quadratically as v 00 1 2 . Finally, the square root of these data must be taken, since the CARS signal is proportional to number density squared, yielding relative number densities as a function of v 00 . Note that, for this work, the data processing described above was performed manually.
The number densities inferred from the raw experimental data using this procedure are then normalized, and a Boltzmann plot such as that shown in Fig. 11 is produced. This figure contains the normalized number densities from a sequence of single-shot spectra taken from seven consecutive laser shots during one wind-tunnel run. As can be seen from the figure, the first and last samples show weaker vibrational excitation than the others, indicating the beginning and end of the dc sustainer voltage application. The v 00 0 and v 00 1 number density ratio is used to determine the first-level nitrogen vibrational temperature T v N 2 as follows:
where v 3353 K is the energy difference between vibrational levels v 00 1 and v 00 0 in the units of temperature. The first-level temperature is chosen instead of attempting a fit of all vibrational levels present due to the relatively high uncertainty to which the higher levels are known, owing to the complicating effects of the NRB and the quadratic dependence of the peaks on number density. As Figs. 7-10 indicate, in the case of pulser operating alone, a vibrational temperature of 1100 100 K is inferred, whereas for the pulser-sustainer discharge with V PS 4:5 kV, the vibrational temperature is 2150 150 K.
To monitor the temporal characteristics of the vibrational loading of the flow in the discharge, the laser and pulser timing were synchronized, with the delay between them varied as desired. These measurements were conducted at a plenum pressure of 300 torr, with the dc sustainer power supply voltage V PS set to 3.5 kV. The initial run of the discharge resulted in six single-shot spectra, corresponding to acquisitions at time t 100; 200; , and 600 ms after the pulsersustainer discharge initiation. This procedure was repeated four times, resulting in four single-shot spectra for each delay time. The relative delay between pulser and laser was then decreased by 10 ms and another four runs were taken, resulting in data collection at t 90; 190; . . . ; 590 ms, etc. This process was repeated until the delay between the discharge initiation and the first laser pulse was reduced to 10 ms. Mean and standard deviation statistics were computed for the four-point data set at each time position, the result of which is seen in Fig. 12 along with a sample dc sustainer discharge current profile superimposed.
The results demonstrate that the vibrational temperature behavior very closely matches the time-resolved sustainer current profile, as expected. It should be noted that the characteristic time for electron impact vibrational excitation in the discharge is much shorter than the timescale in Fig. 12 (see discussion below) . On the other hand, the estimated characteristic vibrational population decay time at these conditions, due to extremely slow V-T relaxation in nitrogen (of the order of a second), is much longer compared with the flow residence time between the discharge section and CARS measurement location (a few milliseconds). Therefore, the results plotted in Fig. 12 represent a quasi-steady-state time-resolved vibrational temperature reached in the pulser-sustainer discharge in nitrogen. Considering the interval from 200 through 590 ms as approximately constant sustainer loading, an average T v N 2 1671 K is observed, with a 95% confidence interval of 25 K.
The lowest vibrational temperature values seen at the beginning and end of the measurement sequence in Fig. 12 correspond to the approximate detection threshold for vibrational temperature measurement using the present CARS system, T v N 2 800-1000 K. There are a few factors that may result in reduction of this threshold. Most significantly, reduction of the NRB would enable more sensitive detection of weak transitions. To accomplish this, future work will use what is known as unstable-resonator spatially enhanced detection CARS [19, 25] . Additionally, increasing laser power would also result in increased detection sensitivity to lower vibrational populations; however, care must be taken to prevent Fig. 8 Single-shot spectrum, pulser-sustainer discharge, V PS 4:5 kV, 300 torr N 2 . Fig. 9 Typical single-shot CARS spectrum, nanosecond pulser alone, 300 torr N 2 (log scale). Fig. 10 Single-shot spectrum, pulser-sustainer discharge, V PS 4:5 kV, 300 torr N 2 (log scale).
saturation effects, both of the CARS process itself and the detection of the v 00 0 transition. Note that the timescale for the steep decrease in the vibrational temperature near the moment when the dc sustainer voltage is turned off is controlled by the flow residence time between the discharge section and the CARS measurement region of several milliseconds. Furthermore, it should be noted that a few vibrational temperature values at the end of the sequence demonstrate the same level of excitation measured with the pulser operating alone (e.g. see Fig. 7 ), corresponding to the time after the sustainer discharge turns off but while the pulser is still running. Spectra taken after the pulser is turned off, beyond the last data point in this plot, show no detectable population of v 00 1. The set of data displayed in the plot in Fig. 13 shows the results of varying the discharge pressure as well as the sustainer discharge dc voltage. Each data point results from averaging the vibrational temperature obtained from four to five single-shot spectra taken in a single wind-tunnel run. The trend line of the mean T v N 2 along with the corresponding standard deviations for each pressure condition are plotted versus the dc power supply voltage setting V PS . As expected, increasing the dc sustainer voltage results in higher vibrational excitation of nitrogen in the flow. In Fig. 14, T v N 2 is plotted versus the energy loading per molecule " load (for V PS ranging from 2 to 4 kV) for each pressure condition. To calculate " load , the voltage between the dc electrodes V is first calculated from V PS , the dc discharge current I, and the resistance of the ballast resistor R bal 1:5 k:
This voltage is then reduced by the voltage drop across the cathode sheath V 0 estimated from previous measurements of the current voltage characteristic of the pulser-sustainer discharge [4] , V 0 290 V, and dc power loading P is calculated as
Finally, the energy loading per molecule " load is
where _ n is the molecular flow rate, calculated from the mass flow rate through the discharge section/nozzle plenum. As the plot demonstrates, the two higher pressure discharge cases display a consistent, direct relationship between T v N 2 and " load , while the lower pressure 200 torr case indicates somewhat different behavior (discussed in greater detail below). Figure 15 shows vibrational temperature plotted versus the estimated reduced electric field E=n of the dc sustainer discharge. As is well known [15] , the reduced electric field controls the average electron energy, and therefore the input energy partitioning among different electron impact excitation channels (vibrational and electronic excitation, dissociation, ionization, etc.). In the present work, the reduced electric field was estimated simply as the reduced voltage between the dc electrodes V-V 0 divided by the electrode gap and the number density, assuming 375 K gas temperature in the discharge. This is justified by our previous translational-rotational temperature measurements in the pulser-sustainer discharge at these conditions [4, 5] from N 2 emission UV/visible spectroscopy, which yields temperature in the range T 350-400 K. Figure 15 shows essentially identical vibrational temperature behavior for all three pressures for E=n < 7 Td. For the 200 torr case, lower vibrational excitation is observed for E=n > 7 Td than that observed for the other two pressure cases, which remain in good agreement. It was noted that, at lower plenum pressures, the discharge spatial uniformity decreases, with visible emission being most intense near the side walls of the discharge section, as illustrated in Fig. 16 . In this event, a significant fraction of the energy deposition would likely also occur near the side walls, leading to a lower relative vibrational loading at the center of the channel, near the CARS interrogation location.
The vibrational temperatures are used to calculate average vibrational energy per molecule " avg in the discharge and the percent of discharge energy loaded into molecular vibrations :
According to theory [15] , this fraction should be nearly 90% at 10 Td while dropping off somewhat to 50% near 3.5 Td. Figure 17 shows plotted against E=n for the 370 and 300 torr cases (for the range of V PS 2-4 kV) along with the theoretically predicted values. While the experimentally measured values are somewhat lower than those theoretically predicted, the trend observed is similar to the expected result, and there are a few factors that explain the offset. Because of the simple collinear geometry of the CARS measurements, there is a small amount of signal that is collected from outside the test section, i.e., in the vibrationally cold room air, which acts to reduce the apparent vibrational temperature. Because of the extreme difference in laser intensity between the focus and the collimated beam, this effect is slight and is estimated to introduce a maximum of approximately 3% uncertainty into the inferred vibrational temperature. This estimate is achieved by comparing the signal generated with the tunnel evacuated (i.e., from nitrogen outside the desired measurement volume) with the v 0 level peak intensity collected during test runs. Additionally, as mentioned, the calculation for reduced electric field was performed with the assumption of spatial uniformity, and it is possible that the actual E=n at the measurement location is somewhat lower than the estimated value. A third factor, which was previously mentioned, is the discharge spatial nonuniformity with the visual intensity, and likely the energy deposition, being greater near the edges of the discharge than in the center [4, 5] (see Fig. 16 ). This effect would lead to an overestimation of the " load near the center of the discharge, thus reducing the apparent value at the measurement location. The results from the lowest pressure 200 torr case are not included here, as they were not in good agreement with the expected trend, which is thought to be due to the rather poor discharge spatial uniformity at this condition.
The final set of experimental data was obtained from injection of gases inducing vibrational relaxation (of nitrogen excited in the discharge) between the discharge section and the CARS measurement location, as shown in Fig. 1 . In the present work, four different injection gases were used: oxygen, hydrogen, nitric oxide, and carbon dioxide. These species have been chosen because the rates of nitrogen vibrational relaxation in these four mixtures vary by several orders of magnitude. Figure 18 plots nitrogen vibrational temperatures measured in these mixtures versus the partial pressure of the injected species, all performed at the same total pressure in the flow of 300 torr. Mole fractions of injection species can be easily calculated from their partial pressures.
As expected, adding oxygen to the vibrationally excited nitrogen flow, up to 17% (nearly synthetic air), results in negligible reduction of N 2 vibrational temperature, due to an extremely slow V-V energy transfer rate coefficient:
17 cm 3 =s at room temperature [26] . The characteristic time for nitrogen V-V relaxation at these conditions VV 1=k VV n O2 10 ms at P O2 50 torr is longer than the flow residence time between the injection location and the CARS measurement region, estimated to be res 2:0 ms. Characteristic time for V-T relaxation for N 2 -O 2 is even longer. Carbon dioxide injection, which results in significant reduction of nitrogen vibrational temperature, even at low CO 2 mole fractions in the flow, illustrates the other extreme. The room temperature rate coefficient for V-V energy transfer is very rapid, k VV 6 10 13 cm 3 =s [26] ( VV 1=k VV n CO 2 10 s for CO 2 partial pressure of only 5 torr). CO 2 vibrationally excited in collisions with nitrogen relaxes via rapid intramolecular V-Venergy transfers to 2 (010) and 1 (100) modes, with subsequent rapid V-T relaxation. Indeed, the present experimental results demonstrate T v N 2 reduction to near threshold of the CARS diagnostic detection with only a few torr of CO 2 injected into the flow.
Nitric oxide and hydrogen represent two intermediate cases. The rate coefficient of V-V energy transfer from nitrogen to nitric oxide [29] , this rate increases to k VT 3:9 10 16 cm 3 =s at T 400 K VT 20 ms and k VT 9:2 10 16 cm 3 =s at T 500 K VT 10 ms. Note that, similar to N 2 -O 2 , V-V energy transfer for N 2 -H 2 is extremely slow, due to a large difference in vibrational quanta [30] .
The vibrational temperatures T v from different relaxant injection partial pressures P add can be used to infer the V-V relaxation rate k VV (for the NO injection, the V-T rate is calculated in the same manner for the case of H 2 injection) via the following equation:
where dE v =dt is the time derivative of vibrational energy. The vibrational energies of nitrogen at the CARS measurement location with and without relaxant gas injection E v res and E v 0, respectively, are defined by
and the vibrational energy content due to purely thermal effects E eq T is defined as
where T 400 K is the translational/rotational gas temperature at this condition. The transit time from the injector to the measurement location was estimated simply from the mass flow rate and the channel cross section to be res 2:0 ms, and k B is the Boltzmann's constant. The results of this analysis are shown in Table 1 , which indicates an apparent value of k VV N 2 NO, inferred in the present work fairly close to the literature value [27] at T 400 K, within the bounds of the uncertainty in this estimation. The apparent rate k VT N 2 -H 2 inferred here is more than a factor of two faster than the literature value at T 400 K [28, 29] . Note, however, that vibrational relaxation of nitrogen from T v N 2 1700 K to T v N 2 1200 K in the presence of NO and H 2 (see Fig. 18 [28, 29] , i.e., close to the rates inferred from the present measurements. More accurate measurements of these rates using the present approach would require simultaneous measurement of the flow rotational-translational temperature. We are currently implementing a higher spectral resolution instrument that will enable such measurements in future work.
While it is not shown in Fig. 18 , injection of nonexcited N 2 was also performed but showed little to no effect on the vibrational temperature. Note that, while the room temperature V-V energy transfer rate coefficient for nitrogen
is relatively high, k VV 1:5 10 14 cm 3 =s [31] ( VV 1=k VV n N 0:5 ms for injection N 2 partial pressure of 5 torr), the resonant energy transfer process simply results in redistribution of N 2 vibrational energy among larger number of molecules, with energy still being locked in the nitrogen vibrational mode. Furthermore, with a constant mixture total pressure, the addition of vibrationally cold N 2 beyond the discharge should have the effect of slowing the main flow slightly as it traverses the discharge, allowing for somewhat higher specific energy loading in the main flow, with this additional energy then transferred into the vibrational mode of the cold molecules but no loss of vibrational quanta.
The measurements summarized in Fig. 18 demonstrate feasibility of generating low-temperature high-pressure vibrationally excited flows of nitrogen and synthetic air at steady state, as well as feasibility of tailoring the vibrational temperature of these nonequilibrium flows using injection of efficient V-T and V-V relaxer species downstream of the discharge.
IV. Conclusions
This paper has described the implementation of picosecond CARS spectroscopy for measurements of the VDF in a nitrogen flow vibrationally excited in a high-pressure electric discharge in the plenum of a nonequilibrium hypersonic wind tunnel. The highpressure discharge used for vibrational excitation of the flow is a combination of two fully overlapping transverse discharges, a repetitive nanosecond pulse discharge producing volume ionization, and a dc discharge used for energy loading. The main objective of loading energy into vibrational and electronic energy modes of the flow, with its subsequent control by adding efficient relaxer species downstream of the discharge, is to study the effect of internal energy disequilibrium on the hypersonic flowfield. Fig. 18 Effects of gas injection on T v N 2 , V PS 5 kV, 300 torr total mixture pressure. The present work has demonstrated that the CARS system, using a picosecond Nd:YAG laser and a picosecond modeless broadband dye laser, generates sufficient peak power to acquire single-shot spectra with high signal to noise. The single-shot CARS spectra are used to infer instantaneous vibrational level populations of nitrogen N 2 v and the first-level vibrational temperature T v N 2 .
The present results demonstrate the feasibility of sustaining high vibrational temperatures in a pulser-sustainer discharge in nitrogen, up to T v N 2 2000 K, at nearly half the atmospheric pressure and at steady state. Previous results using nitrogen UV/visible emission spectroscopy have indicated low translational-rotational temperatures at these conditions, T 350-400 K. This demonstrates highly nonequilibrium conditions created by the discharge in the nozzle plenum. Time-resolved vibrational level populations of nitrogen N 2 v 0-3 and vibrational temperature have been measured using single-shot CARS spectra. The results show that the vibrational temperature in the pulser-sustainer discharge follows the dc discharge current, i.e., energy loading by the dc sustainer discharge. In addition, the present results show that the repetitive nanosecond-pulse discharge operating alone produces vibrational excitation of nitrogen, with vibrational temperatures of up to T v N 2 1100 K.
As expected, vibrational temperature increases with the dc voltage, i.e., at higher dc discharge energy loadings. Analysis of experiments conducted at plenum (discharge) pressures of P 0 300 torr and P 0 370 torr have also shown that nitrogen vibrational temperature in the discharge increases with the reduced electric field E=n. At E=n 13 Td, vibrational temperatures near T v N 2 2000 K are achieved at both discharge pressures. At a lower pressure, P 0 200 torr, vibrational temperature levels off when the reduced electric field is increased, which may be due to discharge nonuniformity development at these conditions. However, additional work is needed to determine the cause of this deviation.
Nitrogen vibrational temperature has been measured while different relaxer species were injected into the flow between the discharge section and the CARS measurement location, with these results plotted vs partial pressure of injection flow. The results demonstrate that injection of oxygen, up to 17% mole fraction in the flow, does not result in detectable change of nitrogen vibrational temperature, indicating extremely slow V-Venergy transfer from N 2 to O 2 , as well as slow N 2 -O 2 V-T relaxation at the present conditions. On the other hand, injection of even small amounts of CO 2 (less than 1% mole fraction) results in dramatic N 2 vibrational temperature reduction, due to rapid V-V energy transfer from nitrogen to the asymmetric stretch vibrational mode of CO 2 , with subsequent V-T relaxation of CO 2 . Injection of NO or H 2 represents an intermediate case when nitrogen vibrational temperature can be reduced gradually by varying the gas injection amount. N 2 -NO V-V and N 2 -H 2 V-T rates inferred from these data agree well with previous literature results to within the uncertainty in rotational-translational temperature.
The present results demonstrate the feasibility of generating lowtemperature high-pressure vibrationally excited flows of nitrogen and synthetic air at steady state, as well as the feasibility of tailoring the vibrational temperature of these nonequilibrium flows using injection of efficient V-Tand V-V relaxer species downstream of the discharge. Finally, the use of a picosecond CARS system, as an efficient diagnostic for spatially and temporally resolved vibrational level populations in high-pressure discharges, from single-shot CARS spectra, has been demonstrated.
